The main task of a product family designer is to decide the right variables and/or components to share among products to maintain economies of scale with minimum sacrifice in the performance of each product in the family. The decisions are usually based on several criteria but production cost is of primary concern. In this paper, we propose to develop a production cost estimation framework for a product family based on Activity-Based Costing (ABC) and a production information structure that includes the relationships of components within a product and its corresponding product family. The production costs are estimated by allocating a set of the production activities that are required to produce the product family to the production information structure.
Introduction
As a new business strategy in today's highly competitive market, mass customization seeks to increase product variety and reduce production cost at the same time. In this market, many companies design new products one at a time, which leads to a diversification of products and an increase in production costs [1] . In an effort to reduce the increase in production costs and maintain economies of scale, production volumes of shared components within a family of products should be as high as possible. In this context, designing a family of products based on a product platform is a cost-effective method to maintain high production volumes while producing a variety of products for numerous market niches. In addition to improving economies of scale, it has been reported that the benefits of designing products as a family come from various resources in the production system, such as a reduction of the number and types of components in inventory and material handling, along with shared manufacturing processes [2] . However, sharing components in a product family may lead to a lack of distinctiveness, and shared components in one product often exceed the requirements of other products, which can incur additional production costs [3] . Consequently, the trade-offs involved with product family design should be evaluated in terms of production cost.
Many attempts in product family design have been made to quantitatively measure production costs to address tradeoff issues. In recent years, a number of researchers have specifically studied quantifying production costs during platform-based product development. Fujita, et al. [4] propose modeling the total cost for product variety, which includes: (1) design and development cost, (2) facility cost, and (3) material and processing cost. In their cost model, fixed costs are assumed to be proportional to the attributes of each module (e.g., weight or a representative dimension), and variable costs are characterized by cost savings from similar and same design instances, which increase production efficiency due to the learning effect. In studies of designing robust product families and determining product platform extent, Hernandez, et al. [5] present a quantitative method to estimate production time, material cost, and inventory cost, which are estimated by production cost models that are represented by functions of design variables. In developing a multi-agent optimization framework to handle multi-objective optimization problems during product family design, Rai and Allada [6] apply the framework to designing a family of screwdrivers and electric knives with four objectives that include minimizing cost. Production cost for the product family can provide a good guideline for designers' decision-making process when the cost is estimated by linking it to a set of production activities. In this context, Activity-Based Costing (ABC) helps model the relationships between the activities required to produce products and the resources they consume in a structured way [7] . The main method of ABC is to identify production activities from which costs occur and to separate direct costs such as labor, material, and utilities from indirect costs incurred by processing batches or supporting a product or a facility in a hierarchy of factory operating expenses [8] . The production activities are classified as unit -, batch-, productsustaining, and facility-sustaining level activities. The unit-level activities are concerned with producing features, components and assemblies that have meaningful production activities, and the corresponding activity costs consist of direct labor, material, machine processing, and utility cost. The batch-level activities are the production activities associated with setup, material handing, inventory, and inspection. The product-sustaining level activities are the activities related to the overall capability that enables the company to produce products, such as engineering product specifications, process engineering, product enhancement, and engineering change notices. The facility-sustaininglevel activities are the activities associated with plant management and maintenance. In this section we have briefly addressed needs and methods of production cost estimation, but there is still a lack of consistent methods for production cost estimation, particularly for product families. The objective in this study is to develop a production cost estimation framework to support product family design from a production information structure that consists of production activities identified by the hierarchical level of the production system. In the next section, we propose a production cost estimation framework, discuss the major functions of the framework, and present a case study demonstrating the cost estimation framework.
Production Cost Estimation Framework
Various production cost estimation methods have been developed in the literature, but none have been extended to product family design. As a decision support tool for product family design at the development stage, a production cost estimation framework is a prerequisite that provides the production cost information in a systematic way that designers need. It relies directly on product information and its relevant production activities, which are available at a certain stage of the product development cycle. To build the production cost estimation framework in a systematic manner, we begin with the problem definition, requirements, and scope of the production cost estimation framework.
• Problem Definition: The production cost estimation framework is used to estimate the production cost of families of consumer products in the product development stage and can be integrated within an optimization framework to help determine a set of design variables for the associated product platform(s).
• Requirements: Production costs are directly linked to design variables so that designers can know the influence of the design variables on direct costs. For allocation of indirect costs, allocation methods are pre-defined in the allocation stage.
• Scope: The production cost estimation framework covers the most common costs that product family designers must consider at the product development stage.
With the problem definition, requirements, and scope of the production cost estimation framework, the proposed production cost estimation framework is illustrated in Figure 1 using an activity-based costing (ABC) concept. The cost estimation framework is described in two stages: (1) allocation and (2) estimation. In the allocation stage, the production activities are modeled that are carried out during the process of getting raw materials, transforming them into finished products, and delivering them to customers. The production activities and the corresponding resources are identified with (1) an activity table, (2) a resource table, and (3) an activity flow. When an activity consumes resources, a cost is incurred. Factors that incur costs are called cost drivers. For example, the unit-level activities consume the corresponding resources with cost drivers such as (1) geometry, (2) material, (3) process planning, and (4) production planning. If designers want to investigate cost information about specific activities like inventory, the cost drivers of those activities and the corresponding resources are prepared at this stage. The products in a family are produced with product information including production data and design specifications. Product family information includes information on components/variables to be common or variant in a family in addition to the product information. Both cost drivers and product family information are combined into a production information structure where production data and production costs are allocated. In the estimation stage, production costs are estimated by assigning costs to activities using cost drivers that consume main resources. The resource data are classified as resource consumption rates, technical costs, and historical part data. The total production cost is estimated from the feature-level costs to the facility-level costs along with investment and inventory costs as shown in Figure 1 . Each activity cost is estimated from the cost drivers and the corresponding resource consumption rates as shown in Figure 2 . Cost drivers can be modeled using design parameters (variables), which are called parametric cost drivers. Technical cost models directly estimate costs by mathematical functions, which are derived from technical relationships of cost drivers and resource consumption rates. In the allocation stage, designers can model and identify production activities and resources that cause general production costs and/or specific production costs that they want to investigate. Figure 3 shows an illustrative example of the activity flow of an injection modeling process that contains injection process (U1), setup (B1), material transfer (B2), material handling (B3), purchase order (B7), inventory (O1, B5, O2), and assembly (U6) activities. The control volume in the flow defines the areas where the activities to be investigated occur. A circle represents an activity, and the resources consumed by the activity are represented by a box under the circle. This activity flow is represented by connecting the activities to the material flow. Several resources consumed by an activity are depicted by multiple small boxes in a main resource. In the process stage of this example, activity U1 consumes low-skilled labor (LA -L), raw material (MA-R), tool (TL-T), electricity (EN-E), and capital (C) resources. This activity flow contains all activities necessary to make injection molded parts and the corresponding resources, and it provides a graphical view on how these activities are connected. Generally a production information structure for the product family is constructed with the activities incurred when producing multiple products, including relationship of the components in the family. In order to make a production information structure more structured, a product information structure is built in a hierarchical fashion based on six activity levels: (1) feature, (2) component, (3) platform, (4) assembly, (5) product, and (6) facility-level activities. Production costs at feature, component, and assembly level are estimated by allocating production information to cost drivers such as (1) geometry, (2) material, (3) process planning, and (4) production planning. The geometry cost driver is concerned with design features including size, complexity, tolerance, and so on. The material cost driver is to select the proper material of making the component. The process planning cost driver includes all production information that involves producing components, such as production processes, process routes, setup requirements,
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Cost etc. The production planning cost driver is concerned with resource scheduling to determine which resources are available to produce the component and when they are used, and to allocate the resources that are available. The platform-level activities are introduced to identify the production activities of products in such relationships as: (1) unique geometry, (2) platform (common) geometry, and (3) variant geometry. The platform-level activities have the same cost drivers as mentioned earlier, but the roles of the cost drivers are different. The geometry cost driver is used to identify relationships between components. The material cost driver is used to find components/design variables to share from the manufacturers' perspective. The process planning cost driver is used to plan manufacturing processes for the components in the geometric relationships. The production planning cost driver is used to allocate the resources that are available to produce the components in the geometric relationships. The product-level activities address the cost activities that occur during designing and developing product families. The product-level activities include activities necessary in designing and developing product families such as (1) product engineering, (2) process engineering, and (3) engineering change order. The facility-level activities deal with cost activities such as facility engineering, facility maintenance, and administration at the product development stage. The facility activities consume resources required to design and engineer the entire facility to run efficiently. Production cost calculation and its allocation structure are described in more detail in Ref. [9] . The total production cost is given by summation of all the costs incurred by these activities in the production system.
A Case Study of the Production Cost Estimation Framework
We apply the proposed production cost estimation framework to cordless screwdrivers as a part of our efforts to improve the commonality within the family. The aim in this case study is to provide the production cost information that designers need for designing the products as a family and investigate the benefits of commonality in product family design while the degree of commonality varies. The screwdriver family consists of five products (P1-P5) and is broken down into components as shown in Figure 4 . These components consist of custom components, which are manufactured using traditional manufacturing processes, and standard components, which can be purchased from suppliers for use by any number of comp anies. The specifications of the products are collected through product dissection and analysis. For each component, cost drivers are identified in consideration of the manufacturing process (es) required to produce it. The production activities for producing this family include injection molding, die casting, purchasing, and assembling as the unit-level activities (direct costs) and setup, material handing, i nventory as the batch-level activities (indirect costs). A generative-based cost estimation method is used to estimate unit production costs, and detailed estimation methods associated with the unit-and batch-level activities are discussed in Ref. [9] . The cost estimates of the purchasing process are affected by the learning effect. Figure 5 (a) shows that unit production costs decrease with increasing production volumes. The cost composition of total unit production costs is illustrated in Figure 5 (b), where production volumes play an important role in reducing investment costs, processing costs (due to tooling cost), and purchasing costs.
To examine the impact of commonality on the unit production costs, the following three cases are assumed: the first case represents all batteries are purchased without commonality (WC) as they are in the BOM. The second case is The common battery can be purchased from a single shop (FS). The last case is that all the batteries are replaced by the B2 battery, but each common battery is purchased from different vendors (Non-FS). The last case can occur when the products are developed based on the common battery over time but purchased separately over time. To obtain representative unit production costs of three cases, all production volumes are taken as 10,000 units and the learning effect (r) is 0.95. Variation of unit production costs is depicted in Figure 6 (a). The unit production costs for both P1 and P4 increase because the replaced common battery (middle-end component) is more expensive than existing ones (low-end component), but the unit production costs of P5 decrease because the common battery is less expensive than the B5 battery (high-end component), which can cause performance losses to occur. For the three cases, total unit production costs are summarized in Figure 6 (b). The total unit production costs slightly increases as the commonality varies. This shows that even though the low-and high-end batteries are replaced with the middleend battery, the total unit production costs can justify the component sharing with small increase (0.8%) of the total unit production cost and possible performance loss of P5; further investigation is needed to assess the impact on sales. However, purchasing the common battery in Non-FS contributes to raising 2.7% of the total unit production costs. Though there are many factors that affect production costs when comp onents are shared, it is found that in addition to relative cost of the high-and low-end components, production volume and commonality level plays a large contributing role on deciding the appropriate level of commonality of components. To illustrate this, we calculate relative cost differences between the total unit production costs without commonality (WC) and with common battery components (FS). Figure 7(a) shows that the relative cost (cost burden ratio) increases with increasing production volumes when the batteries are shared. As a result, sharing low-and high-end (or middle -end) components does not always benefit the company; however, increases of commonality may increase the benefit more due to an increase in the number of cost savings. For instance, if electric motors are made common in addition to the common batteries, the increased commonality enables the company to use the middle -end batteries as common batteries in the family with some benefit as shown in Figure 7 (b). The increased commonality contributes to cost benefits throughout the entire production volume. 
Conclusion
From the case study of the production cost estimation framework, we can address the following conclusions:
• Making components common in a product family relies on relative costs between components and production volumes. Sharing components can reduce production costs due to economies of scale only if the relative costs of components are similar, but when low-end components are replaced with high-end components, cost burdens rise as production volumes increase. It can be concluded that such sharing at the high production volumes does not guarantee an overall cost benefit to the company.
• As commonality increases, the possibility of the cost benefit also increases. When the cost benefit occurs due to commonality, the cost benefit increases as production volumes rise. As a result, when mass producing a variety of products, commonality is one of the best design strategies to reduce total production cost if the relative costs of components are small enough not to incur cost burdens.
